1. Introduction {#s0005}
===============

Glioma is the most common malignant primary central nervous system (CNS) tumor, with an annual incidence of 5.26 per 100,000 individuals ([@bb0295]). The management of glioma requires a combination of surgical excision, chemotherapy, radiotherapy and targeted therapy based on the histological and molecular features of the tumor ([@bb0190]); however, the survival outcome remains poor. The median overall survival (OS) rates for low-grade gliomas (WHO grade II), anaplastic gliomas (WHO grade III) and glioblastomas (GBM, WHO IV) are 159, 96 and 16 months, respectively ([@bb0060]; [@bb0420]; [@bb0150]; [@bb0075]).

Angiogenesis, a hallmark of cancer ([@bb0155]), occurs by sprouting angiogenesis, vasculogenesis, intussusception, co-opting preexisting vessels, vascular mimicry, or endothelial cells derived from cancer stem cells ([@bb0070]). As a result of the universality of angiogenesis in most malignant gliomas (referring to WHO grade III and grade IV gliomas), anti-angiogenic therapy has become a critical approach in glioma therapy (anti-tumor effects of anti-angiogenic therapy in gliomas are displayed in [Fig. 1](#f0005){ref-type="fig"}). Bevacizumab, a humanized monoclonal antibody that targets vascular endothelial growth factor A (VEGF-A), was approved in 2009 for the treatment of recurrent GBM. Bevacizumab treatment has resulted in pharmacological debulking and volumetric reductions in 55% of patients with recurrent malignant gliomas, thereby leading to neurological palliation and increased progression-free survival (PFS) ([@bb0430]). Thus, bevacizumab is regarded as the first-line therapy for recurrent malignant gliomas in some institutes. However, bevacizumab combined with temozolomide (TMZ) and radiotherapy failed to demonstrate a significant improvement in the OS of patients with newly diagnosed glioblastoma (nGBM) in two large, multicenter, randomized, phase III clinical trials (RTOG0825 and AVAglio) ([@bb0150]; [@bb0075]), and bevacizumab combined with lomustine did not provide an OS benefit over lomustine alone in recurrent glioblastoma (rGBM) patients (EORTC 26101 trial) ([@bb0425]). These findings suggest that the drug may not benefit all patient subsets (critical clinical trials investigating anti-angiogenic therapy in GBM are listed in [Table 1](#t0005){ref-type="table"}). Thus, biomarkers for predicting the treatment effects and monitoring the treatment responses to anti-angiogenic therapy are urgently required. Several molecular biomarkers, such as the proneural subtype of GBM and the serum levels of MMP2 and MMP9, are correlated with the OS of patients undergone bevacizumab therapy ([@bb0330]; [@bb0375]); however, use of these biomarkers has the following limitations: (1) continuous monitoring using tumor molecular markers is difficult because repeated sampling is impossible in solid tumors; (2) tumor molecular markers can hardly be obtained from patients without indications for surgery/biopsy, particularly when the detection method of circulating tumor cells and circulating DNA of glioma is not sophisticated; (3) molecular markers may not fully represent the whole tumor considering tumor heterogeneity; and (4) molecular markers of all types require distinct sampling, storage and testing techniques, which may be obstacles to implementation.Fig. 1Anti-tumor effects of anti-angiogenic therapy in gliomas.The application of anti-angiogenic therapy in gliomas results in the inhibition of neovascularization, the normalization of tumor vessels, and a reduction in hyperpermeability, which bring about multiple clinical effects, including reduction in mass effect and tumor volume; the improved delivery of therapeutic drugs; radioprotection and radiosensitization; the disruption of the vascular niche; and the enhancement of immune surveillance.Fig. 1Table 1Critical clinical trials investigating anti-angiogenic therapy in glioblastoma.Table 1Author (year)TrialPhaseDiseaseRegimenPatient numberMedian PFS (m)Median OS (m)Notes[@bb0130]BRAINIIrGBMBEV854.29.2The first large prospective study demonstrating that BEV ± irinotecan is well tolerated and achieves certain therapeutic effects in rGBM.BEV + irinotecan825.68.7[@bb0225]NCIIIrGBMBEV484.07.8A study shows that single-agent BEV is well tolerated and has biological activity in rGBM. Data reveals that imaging biomarkers can be applied to monitor and predict treatment responses.[@bb0370]BELOBIIrGBMBEV5038A study shows promising effects of BEV + lomustine in rGBM patients. The results in the BEV + lomustine group now serve as the 'comparison standard' for the investigations focusing on rGBM.Lomustine4628BEV + lomustine441111[@bb0425]EORTC 26101IIIrGBMBEV + lomustine2884.29.1PFS was significantly prolonged in the BEV + lomustine group, but an OS advantage was not conferred. More adverse events were observed in the BEV + lomustine group due to the longer duration of treatment.Lomustine1491.58.6[@bb0075]AVAglioIIInGBMBEV + TMZ/RT45810.616.9The study observed a significant improvement in PFS (P \< 0.0001) but not in OS. Although the maintenance of the performance status is observed in the BEV + TMZ/RT group, a higher incidence of adverse events is also documented.TMZ/RT4636.216.8[@bb0150]RTOG 0825IIInGBMBEV + TMZ/RT31210.715.7Although there is a similar increase in PFS (P \< 0.01) and not in OS, a more frequent increased symptom burden and declined neurocognitive function is noticed in the BEV + TMZ/RT group.TMZ/RT3097.316.1[@bb0030]REGALIIIrGBMCediranib1313.18.0This study fails to demonstrate a benefit in PFS and OS for cediranib±irinotecan versus lomustine alone in patients with rGBM. Patients in the cediranib+lomustine arm experienced higher rates of toxicities than patients in both monotherapy arms.Cediranib + lomustine1294.29.4Lomustine652.79.8[^3]

Imaging biomarkers are quantitative parameters that are mainly derived from computed tomography (CT), magnetic resonance imaging (MRI) or positron emission computed tomography (PET) and may be employed to objectively describe biological processes, pathological changes and treatment responses in different situations ([@bb0410]). Imaging biomarkers have substantial clinical value in cancer management, namely, for detection, prediction, staging and treatment response assessment ([@bb0410]). As a parallel type of marker, imaging biomarkers may compensate for the deficiencies in molecular biomarkers, thus providing a clinical basis for patient selection and therapeutic monitoring: (1) imaging can be acquired continuously to monitor therapeutic responses; (2) imaging biomarkers can be evaluated in patients without indications for surgery/biopsy given the noninvasiveness of imaging modalities; and (3) imaging can capture heterogeneity within the lesion. This article summarizes the imaging biomarkers, including the physiological and metabolic imaging biomarkers, used to predict the treatment response to anti-angiogenic therapy (e.g., bevacizumab), in order to help physicians predict and monitor the therapeutic response of malignant glioma to anti-angiogenic therapy before or during the early phase of treatment.

2. Traditional criteria in the assessment of tumor progression {#s0010}
==============================================================

In 1990, Macdonald et al. proposed postcontrast T1-weighted MRI assessment criteria for complete response, partial response, stable disease and progressive disease ([@bb0260]). Since then, MRI has been considered the universal imaging modality for monitoring treatment responses and tumor progression of malignant glioma. However, post-contrast T1-weighted MRI reflected the breakdown of the blood brain barrier (BBB) rather than the status of the tumor itself, and factors that affect the BBB can interfere with the imaging. As a result, utilization of the Macdonald criteria for evaluating anti-angiogenic therapy, particularly anti-VEGF therapy, was insufficient because of the effects of the anti-angiogenic drugs on vessels (a significant reduction in T1-weighted contrast enhancement and peritumoral edema in imaging findings, also referred to as a pseudoresponse) and the infiltrative nonenhancing growth pattern after anti-angiogenic therapy ([@bb0450]).

The Response Assessment in Neuro-Oncology (RANO) criteria were subsequently published in 2010 as an update to the Macdonald criteria and placed more emphasis on the T2-weighted and fluid-attenuated inversion recovery (FLAIR) MRI changes ([@bb0400]). Although T2-weighted FLAIR imaging reveals the progression of the invasive phenotype, the predictive value of T2-weighted FLAIR imaging for the effect of anti-angiogenic therapy for rGBM is limited because the reduction in the high signal on the T2-weighted FLAIR image could also be caused by bevacizumab-induced alterations in vascular permeability ([@bb0345]; [@bb0085]). The RTOG 0625/ACRIN 6677 trial also failed to demonstrate an association between disease progression depicted on T2-weighted FLAIR images and patient outcome ([@bb0045]).

In general, traditional assessments of tumor progression based on the Macdonald and RANO criteria remain widely used in the evaluation of anti-angiogenic therapy; however, the sensitivity and accuracy of these criteria in outcome prediction face controversies.

3. Physiological parameters in anti-angiogenic therapy {#s0015}
======================================================

While the use of classical imaging techniques presents several challenges for predicting the treatment effect in gliomas, the identification of physiological parameters acquired from advanced MRI technique that may guide targeted therapy has recently become a key research focus. Advanced MRI technique include perfusion-weighted imaging (PWI) and diffusion-weighted imaging (DWI). PWI generates physiological parameters, such as the relative cerebral blood volume (rCBV) and K^trans^ (volume transfer constant between blood plasma and extravascular extracellular space), using bolus contrast tracking techniques, including dynamic susceptibility contrast MRI (DSC-MRI), dynamic contrast-enhanced MRI (DCE-MRI) and arterial spin labeling, which reflects the process of blood perfusion. DWI generates parameters such as the apparent diffusion coefficient (ADC), which based on the Brownian movement of water molecules. These parameters are closely related to the cerebral vascular structure, BBB permeability and tumor cell density and play important roles in predicting the survival of glioma patients ([@bb0065]), particularly those under anti-angiogenic therapy.

3.1. Cerebral blood volume imaging {#s0020}
----------------------------------

Cerebral blood volume imaging is mainly generated from DSC-MRI. DSC-MRI records the dynamic process of the first pass effect in a short period of time, during which the contrast agent enters the brain tissue via cerebral vessels. DSC-MRI subsequently calculates multiple parameters, including cerebral blood flow (CBF), cerebral blood volume (CBV), mean transmit time (MTT) and time to the peak signal change (TTP) ([@bb0015]). rCBV, derived from DSC-MRI, provides physiological information regarding neovascularity and angiogenesis of the brain. rCBV is capable of indirectly depicting the tumor vasculature in vivo and assisting in glioma grading, metastasis recognition, and predicting chemoradiotherapy responses ([@bb0440]). In a retrospective study in 2010, Sawlani et al. analyzed 16 rGBM patients who had undergone bevacizumab therapy. Calculating the hyperperfusion volume based on the rCBV, the authors determined that the magnitude of the change in the hyperperfusion volume before and after treatment was significantly related to PFS ([@bb0335]). This study was the first investigation to show the correlation between cerebral blood volume imaging and the effect of anti-angiogenic drugs.

### 3.1.1. Individual rCBV values before/after treatment {#s0025}

In 2014, Schmainda et al. measured the rCBV value of the tumor regions of interest (ROIs) 60 days before and 20--60 days after bevacizumab treatment based on a standardized T1-weighted image before and after contrast infusion in 36 recurrent high-grade gliomas patients. The rCBV maps before and after treatment were corrected for leakage and standardized to the same intensity scale (stdRCBV). The results showed that patients with a stdRCBV less than a specific value (the value was 4400 in the study by Schmainda et al.) both before and after treatment had a significantly longer OS, and patients with a stdRCBV less than this value after treatment had a longer PFS. The median OS was 395 days for patients with a stdRCBV less than the value both before and after treatment, whereas the median OS was only 100.5 days for patients with a stdRCBV greater than the value both before and after treatment. The median OS was 291 days for patients with a stdRCBV only greater than the value before treatment and 254 days for patients with a stdRCBV only greater than the value after treatment. The results suggest that the stdRCBV value before and after treatment may predict OS and PFS in recurrent high-grade glioma patients ([@bb0340]).

Several studies further pursued methods to predict the anti-angiogenic treatment response before initiation to select responders. Kickingereder et al. investigated pre-treatment leakage-corrected whole-brain rCBV maps based on DSC-MRI, contrast-enhancing T1-weighted and T2-weighted FLAIR images of 127 rGBM patients, 71 of whom received bevacizumab treatment and 56 of whom received alkylating chemotherapy without anti-angiogenic treatment. The authors determined that the patients with a pre-treatment rCBV \< 3.92 had significantly longer OS and PFS than the patients with a pre-treatment rCBV \> 3.92 in the bevacizumab group, whereas the rCBV values were not associated with outcome in the alkylating chemotherapy group. Further logistic regression analysis indicated that the accuracies for predicting 6-month PFS and 12-month OS were 81.7% and 78.9%, respectively, using the pre-treatment rCBV in patients on bevacizumab ([@bb0195]). In 2016, Bennett et al. reported similar results that indicated the pre-treatment rCBV value was significantly associated with OS (*p* = .031) ([@bb0035]). Liu et al. determined that GBM patients with lower pre-treatment rCBV values had more favorable outcomes than patients with higher rCBV values, and the OS of the favorable outcome group was higher with use of anti-angiogenic drugs than with use of standard therapy ([@bb0245]).

These studies suggest that individual rCBV values before or after anti-angiogenic treatment are correlated with clinical outcome in GBM patients. Specifically, the pre-treatment rCBV value can predict the patient survival of under anti-angiogenic therapy and is highly valuable in guiding subsequent treatment.

### 3.1.2. Magnitude of change in the rCBV value before and after treatment {#s0030}

In 2015, Schmainda et al. analyzed DSC-MRI data from the randomized multicenter phase II clinical trial RTOG0625/ACRIN6677 to determine whether the rCBV change during the early phase of treatment was predictive of outcome. One hundred twenty-three rGBM patients received bevacizumab combined with irinotecan or TMZ therapy, among which 37 patients provided at least one DSC-MRI scan that could be normalized to white matter (rCBV) or standardized into stdRCBV on a same-intensity scale. The results showed that, in general, the rCBV and stdRCBV at 2 weeks, 8 weeks and 16 weeks post-treatment were lower than the pre-treatment value. The reductions in the rCBV and stdRCBV values were substantially greater for the patients who survived for one year or more than for the other patients, and the changes of rCBV at 2 weeks and stdRCBV at 16 weeks were statistically significant. Further analysis indicated a worse OS and shorter mean survival rates for patients with positive changes in the rCBV before and after treatment than for the other patients. The percentage change at 8 weeks after treatment showed the same trend; however, the result did not reach statistical significance ([@bb0345]). In 2016, Bennett et al. also reported that changes in the rCBV value could predict the survival of patients undergone bevacizumab therapy (with or without carboplatin). MRI imaging was performed an average of 24 days before treatment and 4 weeks and 8 weeks after treatment. Patients with greater reductions in rCBV before and after treatment had significantly longer median OS and PFS than other patients ([@bb0035]). Hilario et al. detected the DSC-MRI-derived leakage from the subtraction between the maximum CBV and leakage-corrected CBV and found that the reduction in leakage at the first follow-up (compared with baseline leakage) was associated with a more favorable PFS and OS ([@bb0175]).

These studies confirmed that the changes in the rCBV value could be used to identify patient subgroups that would respond better to bevacizumab therapy and that these changes could be used to develop individualized treatment plans according to the response during the early phase of treatment.

### 3.1.3. Other methods {#s0035}

Parameters that reflect the CBF status may also be used to predict the survival of patients under anti-angiogenic therapy. Harris et al. reported that in addition to rCBV, a higher relative CBF (rCBF) prior to bevacizumab treatment was associated with longer OS and PFS in rGBM patients and that a greater reduction in rCBF was also associated with longer OS ([@bb0170]). A 2016 study by Kickingereder et al. confirmed these findings, and the authors determined that baseline normalized rCBV, rCBF and parametric response maps from normalized rCBV and rCBF were predictive of PFS and OS ([@bb0205]).

In addition to DSC-MRI, rCBF may be acquired using the arterial spin labeling technique ([@bb0390]), which is useful for detecting tumor progression and recurrence ([@bb0080]) and predicting patient outcome ([@bb0135]). Lyu et al. first predicted the survival of patients under anti-angiogenic drugs using 3D fast spin echo (FSE) pseudocontinuous artery spin labeling (pcASL) to measure CBF. The authors measured CBF before and after treatment in 16 patients with recurrent high-grade glioma receiving bevacizumab-combined chemotherapy and determined that both rCBF with the cerebellar CBF as the reference before treatment and the average magnitude of the change in CBV (aCBF) before and after treatment were significantly associated with OS and PFS. The study suggested that the FSE pcASL technique might be useful for generating predictive images ([@bb0250]).

Despite considerable evidence, cerebral blood volume imaging has its limitations when predicting the treatment effect of anti-angiogenic therapy, as there may be a variance in techniques at different institutes when generating cerebral blood volume imaging. In addition, most of the derived parameters are relative parameters instead of absolute parameters, which may produce variance in standardization and normalization and hinder the generalization of the reference values across institutes. Furthermore, several studies did not support the use of CBV-associated physiological parameters to predict the treatment effects of anti-angiogenic drugs. In 2015, Stadlbaure et al. determined that although quantification of CBV could confirm the changes in cerebral perfusion during anti-angiogenic treatment, aCBV and rCBV could not distinguish a false response in rGBM. The authors suggested that the quantification of oxygenation might be a more effective approach to evaluate the effects of anti-angiogenic drugs ([@bb0365]). Netto et al. also reported that changes in rCBV values by ferumoxytol-based DSC-MRI could not differentiate false progression during bevacizumab treatment, which may lead to misjudgments of the patient\'s condition ([@bb0275]). Nevertheless, studies have suggested that cerebral blood volume imaging (i.e., the rCBV) may be predictive of disease recurrence and the survival of patients with anti-angiogenic therapy.

3.2. Vessel architectural imaging {#s0040}
---------------------------------

Physiological parameters generated from DSC-MRI and DCE-MRI may be used to evaluate vascular structures. Since 1990, DCE-MRI has been widely used to investigate the BBB ([@bb0230]). T1-weighted images can be obtained from DCE-MRI before, during and after a bolus injection of a contrast agent. The contrast agent passes through the vascular wall and aggregates in the extracellular space when the BBB is compromised or when vascular permeability is increased ([@bb0040]). The DCE-MRI-generated physiological parameters included the following: K^trans^; the volume of extravascular extracellular space per unit volume of tissue (v~e~); the volume of blood plasma per unit volume of tissue (v~p~); and the rate constant between the extravascular extracellular space and plasma (K~ep~) ([@bb0040]). DCE-MRI parameters, particularly K^trans^, could be applied to drug pharmacokinetic studies, predictions of tumor prognosis, and evaluations of tumor recurrence and progression ([@bb0440]).

In 2007, one study became the first investigation to report vascular normalization from 28 days to 4 months after the first dose of cediranib in rGBM patients who showed treatment responses ([@bb0020]). In 2014, Leu et al. analyzed CBV maps from DSC-MRI performed before and after treatment and determined that the pre- and post-bevacizumab treatment hypervascular area sizes were significantly associated with OS and PFS in rGBM patients. The authors suggested that a pre-treatment hypervascular area size \>2.35cc, a post-treatment vascular area size \>0.14cc and a size reduction\<80% were significantly associated with poor PFS and OS ([@bb0240]). These findings demonstrated the potential predictive value of vascular structural changes for determining the glioma response to anti-angiogenic therapy.

### 3.2.1. K^trans^ {#s0045}

K^trans^ is a composite measure of permeability, capillary surface area and blood flow, and has been used to evaluate the effect of anti-angiogenic drugs in kidney cancer and lung cancer ([@bb0180]; [@bb0285]). In 2009, Zhang et al. became the first group to use DCE-MRI-generated K^trans^ alone to predict the survival GBM patients treated with bevacizumab. The results showed that the pre-treatment K^trans^ was associated with OS, whereas pre- and post-treatment changes in K^trans^ were not significantly associated with OS or PFS ([@bb0435]). In 2015, Kickingereder et al. specifically investigated the relationship between pre-treatment DCE-MRI-derived K^trans^ and the survival of rGBM patients undergone bevacizumab. By setting K^trans^ = 0.109/min as the threshold, the authors found that the PFS and OS were significantly longer in patients with lower K^trans^ ([@bb0200]). In 2016, O\'Neill et al. reported that DCE-MRI-derived K^trans^ was more effective than FDG-PET and DW-MRI for predicting the GBM patient response to VEGF trap therapy ([@bb0305]).

### 3.2.2. Vascular normalization index {#s0050}

In 2009, Jain et al. treated 31 rGBM patients with cediranib and analyzed the K^trans^ map by dynamic contrast-enhanced images. The researchers measured rCBV using dynamic susceptibility contrast imaging and the collagen IV levels of the peripheral blood by enzyme linked immunosorbent assay. The authors determined that the changes in K^trans^, rCBV and collagen IV levels after completing one cediranib treatment cycle (compared to the pre-treatment levels) were significantly associated with OS and PFS. The authors calculated the vascular normalization index (VNI) using the following equation:$${VNI} = - \left\lbrack {\left( {a \times {\mathrm{\Delta}K}^{\text{trans}}} \right) + \left( {b \times {\mathrm{\Delta}CBV}} \right) + \left( {c \times \mathrm{\Delta}\text{coll}\ {IV}} \right)} \right\rbrack$$

Recursive partitioning analysis showed that the VNI values after completing one cediranib treatment cycle were significantly associated with PFS and OS and that a higher (positive) VNI value indicated prolonged PFS and OS. This study was the first investigation to show the predictive value of VNI for the survival of patients who undergone anti-angiogenic therapy ([@bb0355]).

### 3.2.3. Vessel architectural imaging {#s0055}

Jain et al. also assessed vascular normalization using a T2-weighted FLAIR image, the vascular permeability and the vessel size and measured the changes in oxygenation using vessel architectural imaging (VAI) (detailed in the subsequent paragraph). The authors determined that vascular normalization could improve tumor perfusion and thereby increase oxygenation, which could improve OS in patients with nGBM and rGBM. The authors hypothesized that anti-angiogenic therapy only benefited patients with observable vascular normalization (rather than vessel pruning) ([@bb0360]; [@bb0025]) and that the underlying mechanism might be the higher oxygenation and more efficient drug delivery resulting from vascular normalization cause increased susceptibility of the tumor to chemotherapy. Furthermore, the tyrosine kinase inhibitor cediranib may have induced cell death. A vascular normalization-associated immune response might also play a role ([@bb0360]; [@bb0025]). However, additional evidence is needed to prove this theory.

In 2013, Emblem et al. estimated the vessel architecture using the change in proton relaxation, which was calculated from the quotient of the contrast-enhanced gradient echo and spin echo. Typically, the gradient-echo signal peaks earlier than the spin-echo signal in areas with fast inflow of contrast agent (e.g., areas rich in arteriole-like vessels), whereas the gradient-echo signal peaks later than the spin-echo signal in areas with slow inflow of contrast agent (e.g., areas rich in venule-like vessels). When measured in a point-by point parametric plot of the gradient-echo signal and spin-echo signal, clockwise vortex can be observed if arterioles with large-caliber are included in the area, and counter-clockwise vortex can be detected in areas with large-caliber venules. The researcher demonstrated that anti-angiogenic drugs (cediranib) could decrease the vessel caliber and improve hemodynamic effects and oxygenation. Among 22 rGBM patients, 10 responders showed a relative increase in image voxels with a clockwise vortex direction (compared with the arithmetic mean of all patients), and 12 non-responders showed a relative decrease in image voxels. The responders had significantly higher OS and PFS rates than the non-responders ([@bb0120]).

In 2013, LaViolette et al. measured the arterio-venous overlap (AVOL) by DSC-MRI to determine the efficacy of bevacizumab. The AVOL was calculated using binarized MELODIC-derived statistically thresholded arterial and venous maps. Eleven pairs of untreated tumor samples and normal samples were analyzed. The results showed that the total arterial volume was lower in the tumor samples than in the normal samples and that the percentage of AVOL was significantly higher in the tumor vasculature than in the normal vasculature. The median OS rate was significantly higher for recurrent high-grade glioma patients with reduced AVOL than the rate for patients with increased AVOL after bevacizumab treatment compared with the baseline ([@bb0235]).

In conclusion, vessel architectural imaging provides information on the vessel architecture, detects changes in vessel structures during anti-angiogenic therapy, and may be used to predict the treatment effect.

3.3. Diffusion coefficient imaging {#s0060}
----------------------------------

DWI is another advanced MRI technique modality that is based on the Brownian movement of water. Biological macromolecules restrict the diffusion of water molecules. By applying a powerful magnetic gradient with an imaging sequence (e.g., echo planar imaging), transverse diffusion may be assessed, which, in turn, reveals the tissue integrity ([@bb0010]). ADC, the most frequently used quantitative parameter in DWI, reflects the magnitude of water diffusion and is negatively correlated with the density of tumor cells. ADC has been applied in the settings of pseudoprogression and pseudoresponse, detecting tumor recurrence, grading tumors and monitoring the treatment effects of radiochemotherapy ([@bb0255]).

### 3.3.1. Pre-treatment ADC values {#s0065}

In 2011, Pope et al. showed that the pre-treatment ADC value are associated with the effect of bevacizumab-combined radiochemotherapy in nGBM patients. The authors divided the ADC histogram into two partially overlapping normal distribution curves and discovered that patients with pre-treatment mean ADC values for the lower peak (ADC~L~) \< 1200 mm^2^/s had significantly longer PFS than patients with an ADC~L~ ≥ 1200 mm^2^/s (p = 0.008). Patient OS also showed the same trend (p = 0.055). However, the ADC~L~ was not associated with PFS or OS in patients receiving standard radiochemotherapy (in which bevacizumab was added at the time of recurrence) ([@bb0310]). Multiple studies have subsequently suggested that the ADC value could predict the survival of rGBM patients treated with bevacizumab ([@bb0300]; [@bb0315]). Similarly, Wen et al. discovered that an ADC~10%~ (ADC below this value in \<10% volume) \> 853 μm^2^/s was associated with longer PFS and OS in nGBM patients ([@bb0405]).

### 3.3.2. Magnitude of the change in ADC values before and after treatment {#s0070}

In 2011, Ellingson et al. used functional diffusion maps (fDMs) and ADC characteristics to predict the survival of rGBM patients undergone bevacizumab. The authors retrospectively investigated 77 rGBM patients and calculated traditional fDMs (single threshold) and graded fDMs based on the ADC change. The results indicated that patients with larger ADC reduction volumes had worse OS rates than patients with smaller ADC reduction volumes regardless of whether the ROI was defined by T2-weighted FLAIR or T1-weighted contrast-enhancing images and whether the threshold of ADC reduction was set to a fixed value (traditional fDMs) or a range of values (graded fDMs). Specifically, patients with a volume of tissue that exhibited a decrease in the ADC within the range of 0.25 and 0.4 μm^2^/ms larger than the group median of 1.5 cc within T1-weighted contrast-enhancing ROIs had a significantly shorter OS than patients with a lower volume (p \< 0.0001) ([@bb0100]). Similarly, Wen et al. reported that a faster reduction in the ADC was associated with an earlier recurrence of nGBM ([@bb0405]). In 2012, Ellingson and Pope et al. further discovered that the pre-to-post-nonlinear fDMs applied in T2-weighted FLAIR-abnormal regions provided the best sensitivity and specificity in predicting the effect of bevacizumab in patients with rGBM ([@bb0105]). Hsu et al. simultaneously showed that the pre-to-post-bevacizumab-treatment ADC reduction was positively associated with tumor volume shrinkage in recurrent low-grade gliomas; however, the relationship between ADC reduction and outcome has not been reported ([@bb0185]). Galla et al. investigated 65 rGBM patients treated with bevacizumab and determined that patients with greater pre-to-post-ADC reductions had lower 1-year OS rates ([@bb0140]).

### 3.3.3. Restriction Spectrum imaging {#s0075}

ADCs may be augmented because of interference from the diffusion signal from edema and tumor-related necrosis ([@bb0085]; [@bb0110]), which significantly offsets the predictive value of ADCs for bevacizumab treatment. Restriction spectrum imaging (RSI), a new type of DWI technique, may indicate the tissue microarchitecture with high conspicuity based on the anisotropic movement of water molecules in separable microscopic tissue ([@bb0055]), and has been applied in the management of prostate cancer ([@bb0055]). Dale et al. first applied RSI to intracranial imaging in 2013. In contrast to the ADC, RSI was proportional to the density of the tumor cells ([@bb0415]). In the same year, Dale et al. assessed bevacizumab-treated patients with high-grade or metastatic gliomas using both RSI and ADC. The authors discovered that RSI was less influenced by false response reactions than ADC and that RSI might serve as a more accurate modality for the evaluation of the tumor response to anti-angiogenic therapy ([@bb0220]).

In 2016, Macdonald et al. retrospectively assessed 40 patients with recurrent high-grade gliomas to determine the prognostic value of RSI compared with the ADC, T1-weighted contrast-enhanced MRI and T2-weight FLAIR in bevacizumab-treated patients. The results showed that a substantial increase in RSI and a substantial decrease in ADC in the high signal areas on T2-weighted FLAIR were associated with worse OS. A change of 0.120 in the 90th percentile of RSI on T2-weighted FLAIR imaging (RSI-FLAIR~90%~) was determined to best dichotomize patients into 2 groups for PFS, whereas a change of 250.0 in the 10th percentile of the ADC on T2-weighted FLAIR imaging (ADC-FLAIR~10%~) was determined to best dichotomize patients for PFS. The authors argued that RSI could improve the accuracy of predicting PFS and OS for bevacizumab therapy compared with standard DWI, T1-weighted contrast-enhanced MRI and T2-weighted FLAIR ([@bb0265]).

In general, both the ADC and RSI may be able to describe the response to anti-angiogenic drugs on the basis of the diffusion of water molecules. These parameters are easily and readily available for extensive clinical applications.

4. Metabolic imaging {#s0080}
====================

Metabolic reprogramming is a major characteristic of cancer ([@bb0160]) and alters glucose, amino acid and lipid metabolism within the tumor. Altered metabolism may be detected by two basic techniques: PET imaging with radioactive tracers (^11^C and ^18^F), which is very sensitive (10^−11^ to 10^−12^ mol/L, molecular probe 1--100 ng), and magnetic resonance spectroscopy (MRS), which distinguishes the chemical and molecular components of the tumor from those of the surrounding tissue with a relatively benign microenvironment according to the radiated frequency generated by the nuclear spins of magnetic resonance nuclei (e.g., ^1^H, ^31^P, or ^13^C) ([@bb0215]).

Developments in metabolic imaging are continuously emerging in the field of glioma. D-2-hydroxypentanedioic acid (D-2HG) accumulation caused by the *IDH* mutation may be detected and quantified by MRS, which can identify patients with the *IDH1/2* mutation, and can serve as a prognostic factor for a favorable outcome ([@bb0125]; [@bb0270]). PET or MRS imaging can also differentiate pseudoprogression from true tumor recurrence based on metabolic reprogramming during tumor recurrence ([@bb0290]; [@bb0145]).

4.1. Glucose metabolic imaging {#s0085}
------------------------------

As early as the middle of the 20th century, Warburg et al. discovered differences in glucose metabolism between tumor and normal tissues ([@bb0380]; [@bb0385]), and the association between glucose metabolism and patient outcome were reported for malignant gliomas ([@bb0445]).

In 2012, Colavolpe et al. used fluorodeoxyglucose (FDG)-PET to investigate the outcome of recurrent high-grade glioma patients treated with chemotherapy+bevacizumab+irinotecan. These authors determined that the ratio of the maximal standardized uptake value (SUV) of the tumor and contralateral normal tissue (T:CL) had the same trend as OS and PFS ([@bb0090]). In 2016, Park et al. suggested that the 13C-lactate-to-13C-bicarbonate ratio could be used as a prognostic index for the effect of anti-angiogenic treatment in rodent models.

4.2. Amino acid metabolic imaging {#s0090}
---------------------------------

Studies regarding changes in amino acid metabolism have been performed for decades. Amino acids with altered metabolism within tumors include glutamine, glutamate, methionine, aspartate and tyrosine ([@bb0215]), among which aspartate and phenylalanine are predictive of the effects of anti-angiogenic drugs.

^1^H-MRS may be used to detect aspartate metabolism through *N*-acetylaspartate produced by aspartate and acetyl-CoA, which is a marker of neuronal injury ([@bb0325]). In 2011, Kim et al. showed that changes in the pre-to-post-treatment ratio of *N*-acetylaspartate/choline could predict the 6-month overall survival of rGBM patients treated with cediranib ([@bb0210]). In 2013, prospective studies from the RTOG0625/ACRIN6677 trial reported that changes in the *N*-acetylaspartate/choline ratio and the choline/creatine ratio could predict the outcome of rGBM patients treated with bevacizumab combined with TMZ and irinotecan therapy ([@bb0320]).

In 2012, Harris et al. used 3,4-dihydroxy-6-\[^18^F\]-fluoro-*l*-phenylalanine (^18^F-FDOPA) and \[^18^F\]-fluoro-3-deoxy-3-L-fluorothymidine (^18^F-FLT) PET to evaluate the treatment response of bevacizumab. Twenty-four patients with recurrent high-grade gliomas underwent ^18^F-FDOPA and ^18^F-FLT PET at 1 week before, 1--2 weeks after, and 6--9 weeks after the initiation of bevacizumab treatment. The results showed that both the median absolute values and the percentage increase in the size of the positive area could stratify patient outcome. The outcome was worse for patients with larger increases in the positive area on the post-treatment 2nd-to-1st PET scan ([@bb0165]). In 2014, Schwarzenberg et al. reported using ^18^F-FDOPA to predict the survival of rGBM patients undergone bevacizumab. The authors identified a significant pre-to-post-treatment reduction in the ^18^F-FDOPA-positive tumor volume. PFS and OS were significantly longer for patients with a 35% or more reduction in tumor volume that showed ^18^F-FDOPA uptake at the 2nd week after initiation of bevacizumab ([@bb0350]).

5. Discussion {#s0095}
=============

Data supporting the importance of brain imaging, with capabilities to locate the injury site, guide surgical biopsy, assist the surgical and radiotherapy protocol, and evaluate the tumor progression and response to treatment, are continuously emerging in the glioma field ([@bb0095]). However, the prevailing imaging criteria (e.g., the RANO criteria) may be insufficient for sustained monitoring and precise outcome predictions of anti-angiogenic therapy ([@bb0345]; [@bb0085]; [@bb0045]). Novel imaging techniques, represented by PWI (including DSC-MRI and DCE-MRI), DWI, RSI, PET, and MRS, produce quantitative parameters, such as rCBV, K^trans^, VNI, ADC, and SUV, to better illustrate the physiological conditions of glioma and better reflect the 'true' response to anti-angiogenic therapy. Despite the retrospective nature of current studies, specific populations of glioma patients may benefit from anti-angiogenic therapy ([@bb0330]; [@bb0375]). Therefore, imaging biomarkers, which can be acquired noninvasively, may play an important role in subpopulation selection. The major imaging biomarkers and their indications for better prognosis are detailed in [Table 2](#t0010){ref-type="table"}.Table 2Major imaging biomarkers and indicators for better prognosis.Table 2Imaging approachesIndicators for better prognosisDetailsCerebral blood volume imagingPre-treatment rCBV ↓Pre-treatment rCBV \< 3.92 indicates significantly longer OS and PFS in rGBM patients with BEV ([@bb0195]); pre-treatment standardized rCBV less than a certain value demonstrates longer OS in rHGG patients with BEV ([@bb0340]).Post-treatment rCBV ↓Post-treatment standardized rCBV less than the certain value suggests longer OS and PFS in rHGG patients with BEV ([@bb0340]).△rCBV ↓△rCBV \< 0 represents better OS in rGBM patients with BEV ([@bb0345]); rGBM patients with greater rCBV reduction (△rCBV ↓) show significantly longer PFS and OS when treating with BEV ± carboplatin ([@bb0035]).Vessel architectural imagingPre-treatment K^trans^ ↓rGBM patients with pre-treatment K^trans^ \< 0.109/min reach significantly longer PFS and OS when treating with BEV([@bb0200]).Post-treatment VNI ↑Higher VNI is correlated with better PFS and OS in rGBM patients after 1 cycle of cediranib ([@bb0355]).Vascular normalization ↑nGBM and rGBM patients with vascular normalization after cediranib have longer OS ([@bb0360]; [@bb0025]); rGBM patients with vascular normalization respond to cediranib and therefore reach significantly longer OS and PFS([@bb0120]).△AVOL ↓rHGG patients with reduced AVOL have significantly better OS than patients with increased AVOL after BEV ([@bb0235]).Diffusion coefficient imagingPre-treatment mean ADC~L~ ↓Pre-treatment ADC~L~ \< 1200 mm^2^/s indicates longer PFS and OS in nGBM patients with BEV + radiochemotherapy ([@bb0310]).△Volume of ADC ↓When treating with BEV, rGBM patients having a volume of tissue exhibiting a decrease in ADC within the range of 0.25 and 0.4 μm^2^/ms larger than 1.5 cc had significantly shorter survival than patients having a lower volume ([@bb0100]).Metabolic imagingPost-treatment FDG T:CL ↑The FDG T:CL has the same trend as OS and PFS in rHGG patients with chemotherapy+BEV + irinotecan.△Volume of ^18^F-FDOPA ↓PFS and OS of rGBM patients were significantly longer for patients with 35% or more reductions in tumor volume that showed ^18^F-FDOPA uptake after the initiation of BEV ([@bb0350]).[^4]

Despite the reasonable evidence for utilizing imaging biomarkers in anti-angiogenic therapy, challenges remain as a result of the interactions of multiple factors, including the diversity of imaging equipment (e.g., the field strength of magnetic resonance scanners), imaging agents (e.g., the type of gadolinium-based contrast agents), imaging acquisition protocols (e.g., the administration rate of imaging agents), and post-processing techniques (e.g., leakage correction). These differences across institutions impede the replication of single-center study results and act as obstacles to launching multicenter clinical trials ([@bb0440]). Although standard specifications, such as the Brain Tumor Imaging Protocol, have been put forth, significant time and effort are required prior to implementation ([@bb0115]; [@bb0395]; [@bb0005]). Moreover, as most studies are retrospective investigations with modest patient sizes and the study results have not been corrected for confounds that may influence outcomes (e.g., WHO status, patient age, pre-treatment tumor volume, or steroid usage), the reliability and reproducibility of existing evidence must be critically evaluated.

In addition to imaging biomarkers, several non-quantitative imaging characteristics may indicate the prognosis of patients in anti-angiogenic therapy. Nowosielski et al. identified 5 radiologic progression types (namely, classic T1, cT1 relapse, T2 diffuse, T2 circumscribed, and primary nonresponder) of nGBM patients undergoing therapy from the AVAglio trial and demonstrated that the 'T2 diffuse' type and frequent *MGMT* promoter methylation were associated with the longest PFS and OS ([@bb0280]). Brandes et al. suggested early tumor shrinkage in T1-weighted contrast enhancement or T2-weighted FLAIR images as an indicator of prognosis in rGBM patients treated with bevacizumab ([@bb0050]). Furthermore, radiomics, which extract and analyze quantitative imaging features with high throughput from medical images, may play certain roles in the guidance of anti-angiogenic therapy of glioma.

As both imaging biomarkers and molecular biomarkers can predict the treatment outcome of anti-angiogenic therapy, the correlations among these markers are notable. In the study by Pope et al., the ADC~L~ was significantly lower in patients who were positive for *MGMT* promoter methylation than in patients who were negative for *MGMT* promoter methylation ([@bb0310]). Given that *MGMT* promoter methylation is associated with the treatment response to TMZ in nGBM patients, the predictive mechanism of established molecular biomarkers may explain the prediction principles of imaging biomarkers and thus indicate a potential approach for the detection of molecular markers using imaging parameters, which may result in a novel detection method for molecular pathology.

The investigation of imaging biomarkers may promote the development of anti-angiogenic therapy. The maximal tolerated dose of bevacizumab is approximately 15 to 20 mg/kg, and a meta-analysis has reported no beneficial difference between 5 mg/kg and 10--15 mg/kg^9^, which suggests that the optimal dose of bevacizumab remains unknown. Similar observations have been made regarding the bevacizumab treatment duration, which ranges from 1 cycle to several years. However, biomarkers, when validated, not only can be used to monitor therapeutic effects but also to provide guidance for the dose and duration of the anti-angiogenic therapy, which may vary from person to person, to obtain the optimal treatment effect. Moreover, the Pope et al. study indicates that among patients with a mean ADC~L~ ≥ 1200 mm^2^/s, the patients who received bevacizumab combined with radiochemotherapy had significantly shorter OS than the patients who received standard radiochemotherapy (in which bevacizumab was added at the time of recurrence) ([@bb0310]), thus highlighting the importance of imaging biomarkers for personalized therapy. Furthermore, in consideration of the chemosensitization, radiosensitization, and immune surveillance enhancement produced by anti-angiogenic therapy, combined therapy is a future direction ([@bb0360]). Therefore, an avenue of future research would be to monitor the treatment response in joint treatment related to anti-angiogenic therapy.

Despite the abundance of evidence that supports the utilization of existing biomarkers and suggests new biomarkers, no single biomarker with sufficient sensitivity and specificity has been generally recognized for anti-angiogenic therapy of glioma because the introduction of biomarkers always lags behind the drug-developmental process. Although major studies have focused on the development of a single biomarker, a combination of several simple, easily obtainable biomarkers may provide a more efficient novel marker (e.g., the VNI in combination with K^trans^, rCBV, and collagen IV levels ([@bb0355])). However, it should be noted that false positive findings may be a concern because of inadequate patient numbers, particularly when investigating combined markers. Thus, further prospective studies with larger cohorts are required to consolidate and confirm the current evidence, explain the mechanism of the observed changes in these biomarkers, and identify novel biomarkers.
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